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Human behavior depends crucially on the ability to interact with others and empathy has
a critical role in enabling this to occur effectively. This can be an unconscious process
and based on natural instinct and inner imitation (Montag et al., 2008) responding to
observed and executed actions (Newman-Norlund et al., 2007). Motor empathy relating
to painful stimuli is argued to occur via the mirror system in motor areas (Rizzolatti
and Luppino, 2001). Here we investigated the effects of the location of emotional
information on the responses of this system. Motor evoked potential (MEP) amplitudes
from the right first dorsal interosseus (FDI) muscle in the hand elicited by single
pulses of transcranial magnetic stimulation (TMS) delivered over the left motor cortex
were measured while participants observed a video of a needle entering a hand over
the FDI muscle, representing a painful experience for others. To maintain subjects’
internal representation across different viewing distances, we used the same size of
hand stimuli both in peripersonal and extrapersonal space. We found a reduced MEP
response, indicative of inhibition of the corticospinal system, only for stimuli presented in
peripersonal space and not in extrapersonal space. This empathy response only occurring
for near space stimuli suggests that it may be a consequence of misidentification of
sensory information as being directly related to the observer. A follow up experiment
confirmed that the effect was not a consequence of the size of the stimuli presented, in
agreement with the importance of the near space/far space boundary for misattribution
of body related information. This is consistent with the idea that empathy is, at least
partially, a consequence of misattribution of perceptual information relating to another to
the observer and that pain perception is modulated by the nature of perception of the
pain.
Keywords: empathy, mirror mechanism, motor evoked potential, transcranial magnetic stimulation, peripersonal
space, extrapersonal space
INTRODUCTION
Empathy has a significant role in the sharing of affective states and
in predicting and understanding the feelings, motivations, and
actions of others, and the showing of compassion (Gallese, 2003;
Minio-Paluello et al., 2009; Bernhardt and Singer, 2012). It has
been argued that for emotional social interactions, mirror neuron
mechanisms may be involved in the neural basis of the observer’s
empathy for the emotional state of another individual (Schulte-
Ruther et al., 2007). It has been argued that, during observation
of an action being executed, activation of mirror neurons matches
the observed actions with internal representations (Gallese, 2003;
Iacoboni and Mazziotta, 2007). Thus, this has been extrapolated
to suggest that mirror neurons may provide a simulation-based
form of empathy through interactions with the limbic system or
other brain areas related to emotion (Iacoboni and Mazziotta,
2007). One example of reduced effectiveness of these mirror
systems can be seen in autistic disorders such as Asperger syn-
drome (Caggiano et al., 2009) which is associated with reduced
empathy and characterized by difficulties in social interaction as
well as a narrowed range of personal interests (Minio-Paluello
et al., 2009).
The subjective experience of pain may comprise autonomic
activity and the desire to produce behavioral responses (Rainville,
2002), the so called pain empathy response. This response acti-
vates neural structures that are also involved in the direct expe-
rience of pain (Lamm et al., 2011). Observation of painful
or non-noxious events shown on the body is said to result
in functional modulation of the corticospinal system through
the mirror neuron system (Avenanti et al., 2005) and lead to
inhibition of corticospinal excitability. This can be observed by
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measurement of motor evoked potential (MEP) signals (Avenanti
et al., 2009) and the MEP amplitude may be used to show the
modulation of the motor system as a consequence of altered
mirror system activity. Motor inhibition, as shown by a reduc-
tion in MEP amplitude specific to the muscle in which pain
is observed, is found during the observation of needles pene-
trating body parts of a human model (Avenanti et al., 2006).
Furthermore, tonic muscle pain in the hand may result in a
long-lasting depression of the MEP amplitude resulting from
transcranial magnetic stimulation (TMS) stimulation of the pri-
mary motor area in the hemisphere contralateral to the painful
stimulation (Le Pera et al., 2001). This is therefore a good
method for observation of changes, presumably modulation of
corticospinal excitability, induced by pain and the mirror neuron
system modulation of action. It is worth noting that similar
stimuli have also been employed in conjunction with fMRI,
showing responses in anterior cingulate cortex (Morrison et al.,
2004).
Dynamic processes relating to peripersonal and extrapersonal
space coding are important for perceiving the correct spatial
position of target objects (Berti et al., 2002). Mirror functions
in space have been investigated in monkey studies and those in
the premotor cortex (F5) and anterior intrapariteal area (AIP)
play a fundamental role in space and action perception relating
to the spatial organization of movements (Rizzolatti and Matelli,
2003). These areas respond mainly to visual stimuli presented in
peripersonal space (Graziano, 1997; Holmes and Spence, 2004)
thus exhibiting spatial selectivity for subsequent types of behav-
ioral responses. Examples of this include approaching behavior
performed in extrapersonal space or competitive behavior in
peripersonal space (Caggiano et al., 2009).
We hypothesized that different somatomotor responses might
be observed in human when “mirror-matching” occurs when
observing others’ feelings at different viewing distances. Accord-
ing to Avenanti et al. (2006), motor reaction to observation of
pain that results in suppression of MEPs amplitude may be due
to a mirror-like resonance mechanism that extracts basic sensory
qualities of another person’s painful experience, for example: the
location of the noxious stimulus. Our primary hypothesis was
that such a change is potentially a consequence of misattribution
of observed stimuli as relating to the body of the observer.
Consequently, this leads to the prediction that effects of observed
painful stimuli will be greater if they are presented in a position
where it is more plausible that they are actual representations of
the observer’s own body (i.e., in peripersonal or near space) than
when they are in a position where this is less likely (i.e., extrap-
ersonal or far space). We therefore manipulated the distances
at which affective visual stimuli were presented to evaluate the
effects on motor system excitability as an index of pain empathy
responses.
MATERIALS AND METHODS
PARTICIPANTS
Eleven right handed subjects (5 males and 6 females, mean age:
24.2 ± 1.9 years) with no previous history of neurological prob-
lems, all with normal or corrected to normal vision, and without
colorblindness participated in the experiment. Right handedness
was determined using an adapted version of the Edinburgh
Handedness Inventory. Prior to the experiment, participants were
also required to verbally report any anxiety or phobia of needles
or if they had any conditions involving prolonged use of drugs
administered by injection (e.g., insulin-dependent diabetic melli-
tus). The presence of any of these would have resulted in exclusion
from the study. All participants were naïve regarding the experi-
ment task and gave informed consent prior to participation. This
experiment was conducted in accordance with the Declaration
of Helsinki and the protocol was approved by the local Ethics
Committee.
ELECTROMYOGRAM AND TRANSCRANIAL MAGNETIC STIMULATION
(TMS) RECORDINGS
A Magstim 200 Super-Rapid Stimulator was used to deliver stim-
ulation via a 70 mm figure of eight coil (Magstim Co., Whitland,
Dyfed, UK). The left motor cortex was located initially 5 cm
left of the vertex and single pulses of TMS applied near this
location to identify the best area to produce a twitch in the right
first dorsal interosseus (FDI) muscle of the hand (the level of
stimulation used depending on the responses in each subject).
The minimum machine output intensity to produce a visually
observed muscle twitch was identified using a modified binary
search algorithm (Tyrrell and Owens, 1988; Thilo et al., 2004;
Silvanto et al., 2007). The obtained intensity then was decreased
to identify the resting motor threshold (rMT), rMT was defined as
the minimum intensity to produce a peak to peak MEP of 50 µV
in at least 5 out of 10 consecutive trials (or with 50% probability)
in the relaxed FDI muscle (Rossini et al., 1994; Avenanti et al.,
2005, 2006). TMS pulses during the experiment were delivered
at an intensity of 120% of this resting motor threshold for each
subject individually (mean intensity: 80.9 ± 14.2% of machine
output). After the experiment session, none of the participants
complained of or reported any discomfort related to the TMS
received.
MEPs induced by single pulse TMS over the left motor cortex
were recorded simultaneously from the right FDI and abductor
digiti minimi (ADM) muscles during the experiment using the
Biopac MP35 system (Biopac System, Inc, CA, USA) and were
band-pass filtered (20 Hz–2.5 kHz), digitized (sampling rate
5 kHz) and stored for offline analysis to measure the mean peak-
to-peak (p-p) amplitudes of twitches from the FDI and ADM
muscles. The MEPs recorded from the ADM muscle location
served as a control for the specificity of any changes seen in the
FDI muscle activity during the experiment and reliable responses
from this muscle were confirmed during the localization and
thresholding of the FDI muscle.
PROCEDURE
Participants had to perform 8 blocks of trials, 4 blocks for each
distance (near or far space) with 2 blocks of the pain and touch
conditions. There were 24 trials per block and a TMS pulse
was delivered every trial. Consequently there were 48 trials for
each condition (pain or touch) at each distance. A trial started
with a fixation cross for 1 s, followed by a video stimulus for
2.5 s, and followed by a blank screen for 7.5 s (similar to the
long intertrial interval used by Avenanti et al., 2005). A single
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FIGURE 1 | (A) The stimulation procedure. (B) The monitor distances: the peripersonal (near) space was fixed at 70 cm and the extrapersonal (far) space was at
140 cm distance, by adjusting a 19 inch-monitor position from the observer.
TMS pulse was delivered during the clip, when the needle had
penetrated the hand (pain condition) or the cotton swab had
touched (touch condition) the skin, both of which were over
the location equivalent to the FDI muscle. MEPs elicited were
collected. These stimuli have previously been used by Avenanti
et al. (2005) and Minio-Paluello et al. (2009).
Participants were not given any information about the onset
of TMS and instructed to watch carefully and pay attention to the
video stimuli and asked to keep their right hand relaxed.
Presentation of the video stimuli was controlled with E-Prime
(Psychology Software Tools Inc., Pittsburgh, PA) in color pre-
sentation and showed the same male right hand for all trials.
The video stimuli were presented on a 19 inch cathode ray tube
monitor, with 75 Hz refresh rate, either in near space or far space
with the presentation order counterbalanced (see Figures 1A, B).
The near space location was 70 cm from the observers and far
space at 140 cm, fitting with the definition of near space as a
distance within arm reach (Wooding and Allport, 1998; Weiss
et al., 2000). The size of the video animations display were 15
× 10◦ of visual angle (size of the hand approx. 9.5 × 8.4◦
of visual angle) and were controlled in both the near and far
conditions so there were no changes of the size (in terms of
degrees of visual angle) of the hand pictured in the video. With
this manipulation, in dim light experiment room, we expected
that participants were unaware of the difference between two
viewing distances.
Participants were seated comfortably either 70 or 140 cm away
from the display with the center of the screen at eye level for
both the near and far conditions. Head position was controlled
by a chinrest. The right hand, with electromyography electrodes
attached, rested on a table in front of the participant.
Follow up experiment
Following the experiment described above, a second, broadly
similar experiment was conducted to evaluate whether any results
obtained were affected by the size of the hand displayed in
the far space condition (i.e., was the fact that it was essentially
a large hand presented further away important). As such, the
experiment was repeated as described above with the exception
that the stimuli presented in near and far space were iden-
tical in size on this occasion (see Figure 3A). Twelve right-
handed subjects (6 males and 6 females, mean age: 22.4 ± 2.3
years, mean TMS threshold 78.3 ± 7.7%) took part in this
experiment.
DATA ANALYSIS
Subjective measures analysis
Subjective measures analysis was carried out to evaluate par-
ticipants’ subjective perception of pain. In the subjective mea-
sures analysis, to assess participants’ perception of pain we used
the short form McGill Pain Questionnaire (SF-MPQ), a multi-
dimensional measure of perceived pain in adults, consisting of the
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FIGURE 2 | MEPs amplitudes of the FDI and ADM hand muscles in near
and far conditions (Error bars: Standard error means (SEM)).
Pain Rating Index (PRI), a visual analog scale (VAS), and Present
Pain Intensity (PPI). All of the subjects were asked to rate the
observed stimuli after the TMS session in order to minimize bias.
The PRI was used to rate participants’ subjective pain perception
and required them to imagine how the pain would feel if applied
to them. This consists of 15 representative words that are rated
on a 4-point Likert-type rating scale ranging from 0 (none) to
3 (severe) with 11 sensory and 4 affective words. Using a VAS
(10-cm-long) and PPI (range from 0 to 5), participants were
asked about the pain intensity shown in the video animation and
whether participants considered the pain sensation represented in
the video to be intense.
Motor evoked potential (MEP) analysis
The MEP data were recorded during the experiment for later
analysis using Biopac BSL 4.0 software (Biopac System, Inc, CA,
USA). The MEP data was processed offline and the trials with
electromyogram (EMG) activity before TMS (less than 5% of
trials) were excluded from analysis. The p-p MEPs amplitudes
outside the mean± 2 standard deviations were also excluded.
Correlation analysis of subjective measurements and motor
evoked potential (MEP) amplitude change. The indices of MEP
amplitude change were computed as follows: amplitude during
observation of the pain condition minus amplitude during obser-
vation of the touch hand condition divided by the average of the
same two conditions. For the correlation of subjective measure-
ments and MEPs amplitude change, Pearson correlation coeffi-
cients between indices of amplitude change of MEPs recorded
from each muscle and subjective reports were computed in each
experiment.
Motor evoked potential (MEP) amplitudes in near and far space.
Analysis of the MEP amplitudes was done with a within-subject
repeated measures three-way analysis of variance (ANOVA) with
distance (near and far), condition (pain and touch), and muscle
(FDI and ADM) as within-subject factors. The MEP amplitudes
recorded during “Needle in FDI” condition in near and far
conditions were compared against the value of “Touch in FDI”
condition in near and far conditions by means of paired-sample
t-tests.
RESULTS
THE CORRELATION OF SUBJECTIVE MEASUREMENTS AND MOTOR
EVOKED POTENTIALS (MEPs) AMPLITUDE CHANGE
In the analysis of subjective measurements indexes, the mean of
the sensory-PRI score was 19.2 ± 3.5 SD and the affective-PRI
was 4.2 ± 3.0 SD. In each question, the sensory-PRI was higher
than the affective-PRI (1.7 ± 0.3 vs. 1.1 ± 0.07 SD, t(10) = 3.361,
p = 0.007). Sensory-PRI analysis showed a predicted negative
correlation with MEP amplitude change for the near viewing
distance (r = −0.560, p = 0.037). For the far distance there
was also a correlation but this was not significant (r = −0.502,
p = 0.070). We found the video stimuli could induce perception
of moderately intense pain (VAS: 4.9 ± 2.2 cm and PPI score
2.5 ± 1.4). Moderate scores of VAS and PPI indices showed that
the observation of pain scene visual stimuli triggered emotional
reactions of personal distress (Avenanti et al., 2009).
MOTOR EVOKED POTENTIAL (MEP) AMPLITUDES
Analysis of the MEP amplitudes with a within-subject repeated
measures three-way ANOVA with distance (near and far), con-
dition (pain and touch), and muscle (FDI and ADM) as
within-subject factors revealed a significant interaction (F(1,10) =
10.742, p = 0.008). Two-way interactions of distance vs. muscle
and condition vs. muscle showed no significant results (F(1,10) =
1.121, p = 0.315 and F(1,10) = 0.599, p = 0.457, respectively).
A significant main effect of muscle was found (F(1,10) = 6.580,
p = 0.028), with no significant main effect of distance and con-
dition (F(1,10) = 0.540, p = 479, and F(1,10) = 0.042, p = 0.841,
respectively).
Separate two-way ANOVAs with factors of distance (near
and far) and condition (pain and touch) were carried out for
each muscle. In FDI muscle, a significant two-way interaction of
distance vs. condition was found (F(1,10) = 7.810, p = 0.019), with
no significant main effect of distance (F(1,10) = 1.617, p = 0.232)
or condition (F(1,10) = 0.279, p = 0.609). For the ADM muscle,
no significant two-way interaction was found (F(1,10) = 0.116, p =
0.740).
In post-hoc analyses, significantly lower FDI MEP amplitudes
during the pain condition for the near distance were found when
compared to amplitudes during the touch condition for the near
distance (t(10) = 2.73, p = 0.021) and amplitudes during pain
condition for the far distance (t(10) = −2.796, p = 0.019). This
revealed that the display of actual painful stimuli delivered to the
hand resulted in modulation of the motor cortex representing this
area (potentially via an inhibition of corticospinal excitability)
but only when presented in near space and not for far space (see
Figure 2).
FOLLOW UP EXPERIMENT
Analysis was conducted in the same manner as the initial
experiment. As before, a three-way ANOVA revealed a significant
interaction (F(1,11) = 5.471, p = 0.039). A significant two-way
interaction of distance vs. muscle was found (F(1,11) = 6.488,
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FIGURE 3 | Follow up experiment. (A) Identically sized stimuli were presented in near and far space. (B) MEP amplitudes of the FDI and ADM muscles in the
near and far viewing distance conditions (Error bars: SEM, * p < 0.05, ** p < 0.01).
p = 0.027) with significant main effects of muscle and distance
(F(1,11) = 42.578, p < 0.001 and F(1,11) = 6.447, p = 0.028,
respectively). The main effect of distance may have been due to the
differing visual angle of the stimuli in near and far space. Separate
two-way ANOVAs were carried out for each muscle. In FDI mus-
cle, a significant two-way interaction of distance vs. condition was
found (F(1,11) = 5.281, p = 0.042), with significant main effects of
distance (F(1,11) = 7.124, p = 0.022) and condition (F(1,11) = 5.145,
p = 0.044). In contrast, for the ADM muscle, no significant
two-way interaction was found (F(1,11) = 0.045, p = 0.836). In
post-hoc analyses, the results were also similar to the initial exper-
iment. In near space the FDI MEP amplitudes during the pain
condition were lower compared to amplitudes during the touch
condition (t(11) = 2.800, p = 0.017) and also when compared with
amplitudes during the pain condition for the far condition (t(11) =
−3.739, p = 0.003) (see Figure 3B). These results confirm that the
initial findings of a lack of effect for the far pain condition were
not a consequence of the size of the stimuli presented.
DISCUSSION
In this study, we investigated the pain empathy response for
different viewing distances, looking at both near and far space.
Results were consistent with previous studies that found a reduc-
tion in amplitudes of MEPs during the observation of needles
penetrating body parts of a human model (Le Pera et al., 2001;
Avenanti et al., 2005, 2006). Importantly, our study showed that
the empathy response indexed by MEP modulation is limited
only to peripersonal space. It was also in line with a study of
spatial predictability of somatosensory targets by Van Damme
and Legrain (2012) which suggested that spatial attention to
a painful somatosensory stimulus is modulated only when the
somatosensory targets were in near locations. In the present study,
the reduced MEP seen only for near space pain related stimuli
suggests is consistent with it being a consequence of misidentifi-
cation of sensory information, with the MEPs being unaffected by
far space stimuli. This effect was also found regardless of whether
the stimuli were presented with similar retinal sizes or in smaller
with greater distance.
When the painful stimulus is near, it may activate the detec-
tion system to facilitate the processing of behaviorally significant
sensory input and to select the appropriate response (Legrain
et al., 2011). As a painful sensation is unsurprisingly identified as
something to be avoided, it is particularly important to monitor
nearby objects in order to coordinate avoidance and defense with
the aim of preventing potential physical threats, maintain the
physical integrity of the body and avoid tissue damage (Cooke and
Graziano, 2004; Van Damme and Legrain, 2012).
Empathy is the ability to appreciate the emotions and feelings
of others with a minimal distinction between the two (Decety,
2011). The use of painful video stimuli was expected to result in
somatic resonance in pain processing areas for others and the self,
and triggering empathic responses. The expression of pain also
provides a crucial signal that can motivate comforting and caring
behaviors in others. In peripersonal space, there is an emergent
capacity for self-awareness that is linked to the development of
more advanced forms of empathy and social attachment serves
intrinsically important regulatory functions related to security,
nurturing and distress alleviation (Decety and Svetlova, 2012).
Furthermore, this function in peripersonal space is important in
terms of human–human interactions for prosocial behavior such
as shaking hands or kissing the cheek of another (Lloyd, 2009).
The empathy system related to motor excitability was mod-
ulated by stimuli in peripersonal space but seems to be unaf-
fected when the stimuli were presented in extrapersonal space.
An ability to disambiguate peripersonal from extrapersonal space
allows the observer to evaluate interpersonal behaviors (Caggiano
et al., 2009). Thus, it might be assumed that in extrapersonal
space, the brain limits the ability to regulate emotions as brain
function related to extrapersonal space is more important in
producing action or in movement planning (Rosenbaum et al.,
2001) rather than regulating responses that may relate to effects
on the self.
Perception of an emotion or feeling in another individual
activates neural mechanisms responsible for the generation of
similar emotions (Gallese, 2003; Gallese et al., 2007). We show
that the motor empathy response has a distance limitation. This
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suggests that empathy responses of this type may be, at least par-
tially, a consequence of the misidentification of visual information
as relating to the observer. This may explain (at least partially)
findings such as the effects of race on empathy (Forgiarini et al.,
2011) and also leads to the prediction that the empathy related
modulation of the motor response should reflect the (perceived)
similarity of the observer and the stimulus and be altered should
the stimulus be presented in a manner which the observer
would be unable to replicate (for example, using unusual hand
positions).
ACKNOWLEDGMENTS
This work was supported by the National Science Council, Taiwan
(Grant number: NSC-100-2410-H-008-074-MY3, NSC-102-
2410-H-008-021-MY3 and NSC-102-2420-H-008-001-MY3).
We are grateful to Prof. Salvatore Aglioti for permission to use the
video stimuli employed in the study.
REFERENCES
Avenanti, A., Bueti, D., Galati, G., and Aglioti, S. M. (2005). Transcranial magnetic
stimulation highlights the sensorimotor side of empathy for pain. Nat. Neurosci.
8, 955–960. doi: 10.1038/nn1481
Avenanti, A., Minio-Paluello, I., Bufalari, I., and Aglioti, S. M. (2006). Stimulus-
driven modulation of motor-evoked potentials during observation of others’
pain. Neuroimage 32, 316–324. doi: 10.1016/j.neuroimage.2006.03.010
Avenanti, A., Minio-Paluello, I., Bufalari, I., and Aglioti, S. M. (2009). The pain
of a model in the personality of an onlooker: influence of state-reactivity and
personality traits on embodied empathy for pain. Neuroimage 44, 275–283.
doi: 10.1016/j.neuroimage.2008.08.001
Bernhardt, B. C., and Singer, T. (2012). The neural basis of empathy. Annu. Rev.
Neurosci. 35, 1–23. doi: 10.1146/annurev-neuro-062111-150536
Berti, A., Smania, N., Rabuffetti, M., Ferrarin, M., Spinazzola, L., D’amico, A.,
et al. (2002). Coding of far and near space during walking in neglect patients.
Neuropsychology 16, 390–399. doi: 10.1037/0894-4105.16.3.390
Caggiano, V., Fogassi, L., Rizzolatti, G., Thier, P., and Casile, A. (2009). Mirror neu-
rons differentially encode the peripersonal and extrapersonal space of monkeys.
Science 324, 403–406. doi: 10.1126/science.1166818
Cooke, D. F., and Graziano, M. S. (2004). Sensorimotor integration in the precen-
tral gyrus: polysensory neurons and defensive movements. J. Neurophysiol. 91,
1648–1660. doi: 10.1152/jn.00955.2003
Decety, J. (2011). Dissecting the neural mechanisms mediating empathy. Emot. Rev.
3, 92–108. doi: 10.1177/1754073910374662
Decety, J., and Svetlova, M. (2012). Putting together phylogenetic and ontogenetic
perspectives on empathy. Dev. Cogn. Neurosci. 2, 1–24. doi: 10.1016/j.dcn.2011.
05.003
Forgiarini, M., Gallucci, M., and Maravita, A. (2011). Racism and the empathy for
pain on our skin. Front. Psychol. 2:108. doi: 10.3389/fpsyg.2011.00108
Gallese, V. (2003). The manifold nature of interpersonal relations: the quest for
a common mechanism. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358, 517–528.
doi: 10.1098/rstb.2002.1234
Gallese, V., Eagle, M. N., and Migone, P. (2007). Intentional attunement: mirror
neurons and the neural underpinnings of interpersonal relations. J. Am. Psy-
choanal. Assoc. 55, 131–175. doi: 10.1177/00030651070550010601
Graziano, M. S. (1997). Coding the locations of objects in the dark. Science 277,
239–241. doi: 10.1126/science.277.5323.239
Holmes, N. P., and Spence, C. (2004). The body schema and the multisensory
representation(s) of peripersonal space. Cogn. Process. 5, 94–105. doi: 10.
1007/s10339-004-0013-3
Iacoboni, M., and Mazziotta, J. C. (2007). Mirror neuron system: basic findings and
clinical applications. Ann. Neurol. 62, 213–218. doi: 10.1002/ana.21198
Lamm, C., Decety, J., and Singer, T. (2011). Meta-analytic evidence for common
and distinct neural networks associated with directly experienced pain and
empathy for pain. Neuroimage 54, 2492–2502. doi: 10.1016/j.neuroimage.2010.
10.014
Le Pera, D., Graven-Nielsen, T., Valeriani, M., Oliviero, A., Di Lazzaro, V., Tonali,
P. A., et al. (2001). Inhibition of motor system excitability at cortical and spinal
level by tonic muscle pain. Neuroimage 112, 1633–1641. doi: 10.1016/S1388-
2457(01)00631-9
Legrain, V., Iannetti, G. D., Plaghki, L., and Mouraux, A. (2011). The pain matrix
reloaded: a salience detection system for the body. Prog. Neurobiol. 93, 111–124.
doi: 10.1016/j.pneurobio.2010.10.005
Lloyd, D. M. (2009). The space between us: a neurophilosophical framework for the
investigation of human interpersonal space. Neurosci. Biobehav. Rev. 33, 297–
304. doi: 10.1016/j.neubiorev.2008.09.007
Minio-Paluello, I., Baron-Cohen, S., Avenanti, A., Walsh, V., and Aglioti,
S. M. (2009). Absence of embodied empathy during pain observation in
Asperger syndrome. Biol. Psychiatry 65, 55–62. doi: 10.1016/s0513-5117(09)79
125-2
Montag, C., Gallinat, J., and Heinz, A. (2008). Theodor Lipps and the concept of
empathy: 1851-1914. Am. J. Psychiatry 165, 1261. doi: 10.1176/appi.ajp.2008.
07081283
Morrison, I., Lloyd, D., di Pellegrino, G., and Roberts, N. (2004). Vicari-
ous responses to pain in anterior cingulate cortex: is empathy a multisen-
sory issue? Cogn. Affect. Behav. Neurosci. 4, 270–278. doi: 10.3758/cabn.4.
2.270
Newman-Norlund, R. D., Van Schie, H. T., Van Zuijlen, A. M., and Bekkering,
H. (2007). The mirror neuron system is more active during complementary
compared with imitative action. Nat. Neurosci. 10, 817–818. doi: 10.1038/
nn1911
Rainville, P. (2002). Brain mechanisms of pain affect and pain modulation. Curr.
Opin. Neurobiol. 12, 195–204. doi: 10.1016/s0959-4388(02)00313-6
Rizzolatti, G., and Luppino, G. (2001). The cortical motor system. Neuron 31, 889–
901. doi: 10.1016/s0896-6273(01)00423-8
Rizzolatti, G., and Matelli, M. (2003). Two different streams form the dorsal
visual system: anatomy and functions. Exp. Brain Res. 153, 146–157. doi: 10.
1007/s00221-003-1588-0
Rosenbaum, D. A., Meulenbroek, R. J., Vaughan, J., and Jansen, C. (2001). Posture-
based motion planning: applications to grasping. Psychol. Rev. 108, 709–734.
doi: 10.1037/0033-295x.108.4.709
Rossini, P., Barker, A., Berardelli, A., Caramia, M., Caruso, G., Cracco, R., et al.
(1994). Non-invasive electrical and magnetic stimulation of the brain, spinal
cord and roots: basic principles and procedures for routine clinical application.
report of an IFCN committee. Electroencephalogr. Clin. Neurophysiol. 91, 79–92.
doi: 10.1016/0013-4694(94)90029-9
Schulte-Ruther, M., Markowitsch, H. J., Fink, G. R., and Piefke, M. (2007). Mirror
neuron and theory of mind mechanisms involved in face-to-face interactions: a
functional magnetic resonance imaging approach to empathy. J. Cogn. Neurosci.
19, 1354–1372. doi: 10.1162/jocn.2007.19.8.1354
Silvanto, J., Muggleton, N. G., Cowey, A., and Walsh, V. (2007). Neural
adaptation reveals state-dependent effects of transcranial magnetic stim-
ulation. Eur. J. Neurosci. 25, 1874–1881. doi: 10.1111/j.1460-9568.2007.05
440.x
Thilo, K. V., Santoro, L., Walsh, V., and Blakemore, C. (2004). The site of saccadic
suppression. Nat. Neurosci. 7, 13–14. doi: 10.1038/nn1171
Tyrrell, R. A., and Owens, D. A. (1988). A rapid technique to assess the rest-
ing states of the eyes and other threshold phenomena: the modified binary
search (MOBS). Behav. Res. Methods Instrum. Comput. 20, 137–141. doi: 10.
3758/bf03203817
Van Damme, S., and Legrain, V. (2012). How efficient is the orienting of spatial
attention to pain? An experimental investigation. Pain 153, 1226–1231. doi: 10.
1016/j.pain.2012.02.027
Weiss, P. H., Marshall, J. C., Wunderlich, G., Tellmann, L., and Halligan, P. W.
(2000). Neural consequenses of acting in near versus far space: a physiological
basis for clinical dissociations. Brain 123, 2531–2541. doi: 10.1093/brain/123.12.
2531
Wooding, M. E., and Allport, A. (1998). Independent reference frames in
human spatial memory: body-centered and environmentcentered coding
in near and far space. Mem. Cognit. 26, 1109–1116. doi: 10.3758/bf0320
1188
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Frontiers in Human Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 47 | 6
Mahayana et al. Motor empathy: misattributing sensory information
Received: 23 November 2013; accepted: 21 January 2014; published online: 06 February
2014.
Citation: Mahayana IT, Banissy MJ, Chen C-Y, Walsh V, Juan C-H and Muggleton
NG (2014) Motor empathy is a consequence of misattribution of sensory information
in observers. Front. Hum. Neurosci. 8:47. doi: 10.3389/fnhum.2014.00047
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Mahayana, Banissy, Chen, Walsh, Juan and Muggleton. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 47 | 7
